Redox electrolytes can provide significant enhancement of capacitance for supercapacitors. However, more important promotion comes from the synergetic effect and matching between the electrode and electrolyte. Herein, we report a novel electrochemical system consisted of a polyanilline/carbon nanotube composite redox electrode and a hydroquinone (HQ) redox electrolyte, which exhibits a specific capacitance of 7926 F/g in a three-electrode system when the concentration of HQ in H 2 SO 4 aqueous electrolyte is 2 mol/L, and the maximum energy density of 114 Wh/kg in two-electrode symmetric configuration. Moreover, the specific capacitance retention of 96% after 1000 galvanostatic charge/discharge cycles proves an excellent cyclic stability. These ultrahigh performances of the supercapacitor are attributed to the synergistic effect both in redox polyanilline-based electrolyte and the redox hydroquinone electrode.
Introduction
The growth in hybrid electric vehicles, uninterruptible power, and mobile electronic devices markets promotes development of electrochemical energy storage systems. Supercapacitors (SC) can provide higher power density and have a longer cyclic life than ion batteries, although they suffer from relatively low energy density [1] [2] [3] . In order to reduce the gap of the energy density between SC and ion batteries, significant research on SC has been focused on the enhancement of specific capacitance and working voltage, since these properties have positive correlation with the energy density [4, 5] . The preparation of novel electrode materials with new structures and components is an effective way to archive higher capacitance [1, 6] , and utilizing organic or ionic liquid electrolytes and asymmetric electrode configurations or hybrid integration can extend the working voltage window of the SC [7] [8] [9] [10] .
Recently, some special electrolytes containing redox compound have been employed as active electrolytes, and combined with carbonaceous electrodes for improving the performance of SC [11] [12] [13] [14] . These redox compounds not only are directly involved in the electron transfer redox reaction on the electrode-electrolyte interface, but can also synchronously improve the ionic conductivity of the electrolyte. Li et al. have used FeSO 4 and CuSO 4 as redox additives to ameliorate performance of SC, and a higher specific capacity of 223 mAh/g has been obtained [15] . Frackowiak's group has was filtered and washed with de-ionized water for several times until neutral. Lastly the sample was dried at 60 • C under vacuum for 24 h.
Characterization

Structure and Composition Characterization
Scanning electron microscopy (SEM) measurement was carried out in a COXEM-20 microscope (COXEM, Daejeon, Korea) at 20 kV. X-ray diffraction (XRD) patterns were obtained with a Bruker D8 diffractometer (BRUKER AXS, Berlin, Germany) in reflection mode using Cu Kα = 0.154 nm with a voltage of 40 kV. Infrared spectroscopy (IR) analyses were accomplished on a Thermal Nicolet infrared spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Electrochemical Characterization
The electrochemical measurements were tested mainly by a standard three-electrode cell; synchronously, the two-electrode symmetric electrochemical system was tested for a deeper exploration of the PANI/F-WMCNTs and HQ system. In details, the working electrode was composed of PANI/F-WMCNTs (80 wt. %), polyvinylidenefluoride PVDF (10 wt. %) and acetylene black (10 wt. %). The electrolytes were composed of 1 mol/L H 2 SO 4 with different concentrations of HQ aqueous solution (1, 2, 3, and 4 mol/L). A saturated calomel electrode (SCE) and a Pt foil electrode were used as the reference electrode and counter electrode, respectively. The cyclic voltammetry (CV) tests were performed from −0.6 V to 0.8 V (vs. SCE) with different scan rates (1, 2, 5, and 10 mV/s). The galvanostatic charge/discharge (GCD) analyses were performed in a potential range of −0.4 to 0.7 V in the standard three-electrode cell and it is set to −0.8 to 1.2 V for the two-electrode symmetric electrochemical system (vs. SCE) at different current density (0.2, 0.5, 1, 2, and 5 A/g). Electrochemical impedance spectroscopy (EIS) measurements were carried out under open circuit conditions over a frequency region from 0.01 Hz-100 kHz by applying an AC signal of 5 mV in amplitude throughout the test. The CV, GCD, and EIS tests were all tested on a CHI660D electrochemical workstation (Chenhua Co., Shanghai, China).
The specific capacitance (C, F/g), equivalent series resistance (ESR), energy density (E, Wh/kg) and power density (P, W/kg), were calculated according to the following equations [17] :
where Cs is the specific capacitance (F/g), ∆t is the discharge time (s), I is the current loaded (A), ∆V is the potential window during the discharge process, m is the mass of electrochemical active material in electrode (g), and iRdrop is the potential drop. Figure 1 shows the morphology of the MWCNTs and PANI/F-MWCNTs. The MWCNTs is of cylindrical morphology and it has a smooth surface (Figure 1a) . However, the PANI/F-MWCNTs were very rough on the surface, and this apparent difference was ascribed to the F-MWCNTs was covered by PANI. Furthermore, some part of the F-MWCNTs without cladding by the PANI was observed, and the PANI/F-MWCNTs had formed a 3D conductive network by overlapping each other (Figure 1b) . observed, and the PANI/F-MWCNTs had formed a 3D conductive network by overlapping each other (Figure 1b The structure of PANI/F-MWCNTs was investigated by XRD analysis. As can be seen in Figure 2 , the four diffraction peaks of MWCNTs at 25.6°, 43.2°, 52.8°, and 78.5° could be indexed as (002), (101), (004), and (006) reflection, respectively [24, 25] . The same diffraction peaks also emerged in the PANI/F-MWCNTs, suggesting that the crystalline structure of MWCNTs was not destroyed after the compositing process. Furthermore, the reappearance of all the diffraction peaks of PANI in the pattern of PANI/F-MWCNTs confirmed the existence of PANI in the composite electrode. The chemical composition of PANI/F-MWCNTs was confirmed by FTIR measurements. As shown in Figure 3 , compared to the spectrogram of the untreated MWCNTs with 3600 cm −1 peak to -OH groups, the adsorption peaks at 1043 cm −1 correspond to the C-O bond, as well as 1208 cm −1 , The structure of PANI/F-MWCNTs was investigated by XRD analysis. As can be seen in Figure 2 , the four diffraction peaks of MWCNTs at 25.6 • , 43.2 • , 52.8 • , and 78.5 • could be indexed as (002), (101), (004), and (006) reflection, respectively [24, 25] . The same diffraction peaks also emerged in the PANI/F-MWCNTs, suggesting that the crystalline structure of MWCNTs was not destroyed after the compositing process. Furthermore, the reappearance of all the diffraction peaks of PANI in the pattern of PANI/F-MWCNTs confirmed the existence of PANI in the composite electrode. The structure of PANI/F-MWCNTs was investigated by XRD analysis. As can be seen in Figure 2 , the four diffraction peaks of MWCNTs at 25.6°, 43.2°, 52.8°, and 78.5° could be indexed as (002), (101), (004), and (006) reflection, respectively [24, 25] . The same diffraction peaks also emerged in the PANI/F-MWCNTs, suggesting that the crystalline structure of MWCNTs was not destroyed after the compositing process. Furthermore, the reappearance of all the diffraction peaks of PANI in the pattern of PANI/F-MWCNTs confirmed the existence of PANI in the composite electrode. The chemical composition of PANI/F-MWCNTs was confirmed by FTIR measurements. As shown in Figure 3 , compared to the spectrogram of the untreated MWCNTs with 3600 cm −1 peak to -OH groups, the adsorption peaks at 1043 cm −1 correspond to the C-O bond, as well as 1208 cm −1 , The chemical composition of PANI/F-MWCNTs was confirmed by FTIR measurements. As shown in Figure 3 , compared to the spectrogram of the untreated MWCNTs with 3600 cm −1 peak to -OH groups, the adsorption peaks at 1043 cm −1 correspond to the C-O bond, as well as 1208 cm −1 , and 1723 cm −1 peak corresponds to the C=O bond of F-MWCNTs was observed, suggesting that the F-MWCNTs had been modified by the -COOH group effectively [5] . The peak at 1340 cm −1 could be assigned to the C-N stretching vibration of the benzenoid ring, and the peak at 1180 cm −1 is attributed to the aromatic C-H in-plane bending. The peaks centered at 1520 cm −1 and 1620 cm −1 are due to the C=C and C=N stretching of the benzenoid and quinoid rings, respectively [26, 27] . All of the mentioned typical absorption peaks appear in the spectrogram of the PANI/F-MWCNTs confirm the existence of the F-MWCNTs and the PANI, manifesting that the F-MWCNTs had been composited with PANI effectively.
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The cycling stability of PANI/F-MWCNTs was tested under a current density of 10 A/g in a HQ (2 mol/L)-H 2 SO 4 (1 mol/L) electrolyte, as shown in Figure 4e . The discharge specific capacitance of the PANI/F-MWCNTs still keeps 948 F/g after charge-discharge 1000 cycles, and the retention of capacitance is 96%. Furthermore, the charge-transfer resistance of PANI/F-MWCNTs had almost not changed during the charge-discharge process. After the charge-discharge of 1000 cycles, the charge-transfer resistance was only 1.005 Ω·cm 2 larger than pristine. The rate capacity of PANI/F-MWCNTs was tested with different current densities (0.2, 0.5, 1, 2, and 5 A/g) in 2 M HQ-1 M H 2 SO 4 electrolytes. As can be seen in the Figure 5a , the specific capacitance of PANI/F-MWCNTs increases with the declining of the current density. The maximum specific capacitance could get to 7926 F/g when the current density is 0.2 A/g. At the various current density, the electrochemical system exhibits a serious high specific capacitance: 7926 F/g (0.2 A/g), 5375 F/g (0.5 A/g), 4002 F/g (1.0 A/g), 2596 F/g (2.0 A/g), as well as 1620 F/g (5.0 A/g). The specific capacitance declines about five times when the current density is 25 times larger than before, which suggests an excellent high-rate discharge ability of the PANI/F-MWCNTs. Figure 5b shows the electrochemical process between PANI/F-MWCNTs and HQ (2 mol/L) in 1 mol/L H 2 SO 4 by a CV curves with various scan rates (1, 2, 5, and 10 mV/s). In detail, with the increase of the scan rate, the peak current is enhanced and the separation of the peak potentials is enlarged slightly. Significantly, in this CV curve at a high scan rate, the phenomenon of two-pair redox peaks concomitance with the largest CV area indicate that the coexistence of the redox of both of HQ and polyaniline in an electrochemical process can greatly promote the development of the synergistic effect. The rate capacity of PANI/F-MWCNTs was tested with different current densities (0.2, 0.5, 1, 2, and 5 A/g) in 2 M HQ-1 M H2SO4 electrolytes. As can be seen in the Figure 5a , the specific capacitance of PANI/F-MWCNTs increases with the declining of the current density. The maximum specific capacitance could get to 7926 F/g when the current density is 0.2 A/g. At the various current density, the electrochemical system exhibits a serious high specific capacitance: 7926 F/g (0.2 A/g), 5375 F/g (0.5 A/g), 4002 F/g (1.0 A/g), 2596 F/g (2.0 A/g), as well as 1620 F/g (5.0 A/g). The specific capacitance declines about five times when the current density is 25 times larger than before, which suggests an excellent high-rate discharge ability of the PANI/F-MWCNTs. Figure 5b shows the electrochemical process between PANI/F-MWCNTs and HQ (2 mol/L) in 1 mol/L H2SO4 by a CV curves with various scan rates (1, 2, 5, and 10 mV/s). In detail, with the increase of the scan rate, the peak current is enhanced and the separation of the peak potentials is enlarged slightly. Significantly, in this CV curve at a high scan rate, the phenomenon of two-pair redox peaks concomitance with the largest CV area indicate that the coexistence of the redox of both of HQ and polyaniline in an electrochemical process can greatly promote the development of the synergistic effect. The effect of concentration of HQ on the specific capacitance is presented by CV curves (5 mV/s) in the Figure 6a . The optimal concentration of HQ in which the largest peak current and CV area visualize is 2 mol/L HQ, larger or smaller than this concentration, the area of CV curves and current peak value will decrease. Obviously, low concentration of the HQ lead to the decline of the ionic conductivity, and thus the deficient number of ion to meet the number of redox sites of the PANI/F-MWCNTs, as a result, the oxidation-reduction reaction both in electrolyte and electrode could not fully accomplish. Otherwise, a high concentration of HQ is not conducive to the enhancement of specific capacitance due to the separating out of HQ crystals from the solution and their impeditive effect on ionic or electric transfer during the electrochemical process. As shown in Figure 6b , the above-mentioned results of CV measurement agree well with the EIS analysis of the PANI/F-MWCNTs in various concentrations of HQ. Typically, when the concentration of HQ is The effect of concentration of HQ on the specific capacitance is presented by CV curves (5 mV/s) in the Figure 6a . The optimal concentration of HQ in which the largest peak current and CV area visualize is 2 mol/L HQ, larger or smaller than this concentration, the area of CV curves and current peak value will decrease. Obviously, low concentration of the HQ lead to the decline of the ionic conductivity, and thus the deficient number of ion to meet the number of redox sites of the PANI/F-MWCNTs, as a result, the oxidation-reduction reaction both in electrolyte and electrode could not fully accomplish. Otherwise, a high concentration of HQ is not conducive to the enhancement of specific capacitance due to the separating out of HQ crystals from the solution and their impeditive effect on ionic or electric transfer during the electrochemical process. As shown in Figure 6b , the above-mentioned results of CV measurement agree well with the EIS analysis of the PANI/F-MWCNTs in various concentrations of HQ. Typically, when the concentration of HQ is 2 mol/L, the PANI/F-MWCNTs possess the smallest solution resistances and the lowest charge-transfer resistance. Similarly, in the Figure 6c , the highest capacitance from the discharge process also is achieved at this optimal HQ concentration. The effect of concentration of HQ on performances, such as specific capacitances, and values of Rs and Rct [46] , have been listed in Table 2 .
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Conclusions
In a summary, the structure of PANI/F-MWCNTs composites is characterized by SEM, XRD, and FTIR, The F-MWCNTs covered by the PANI build 3D conductive networks to increase the synergetic redox effect in both the composite electrode and the HQ electrolyte of the SC. The concentration of the HQ effect on performance of the SC is investigated, and the optimal concentration of the HQ for the enhancement of performance is determined by a serious electrochemical measurement. The highest specific capacitance from the GCD measurement is 7926 F/g at 0.2 A/g, a new record in the performance of SC. The maximum energy density reaches 114 Wh/kg in a two-electrode symmetric electrochemical system at 1 A/g in 2 M HQ-1 M H2SO4 solution. In addition, the specific capacitance retention is 96% after 1000 galvanostatic charge/discharge cycles, indicating an excellent cyclic stability. 
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